Langmuir-Blodgett (LB) technique has been used to deposit composite multilayers of poly (3-octylthiophene)-cadmium arachidate (POT-CdA) and polyaniline-cadmium arachidate (PANI-CdA). These were used as precursors to develop semiconducting CdS nanoclusters within the conducting polymer based multilayers. The presence of CdS in the multilayers was determined by Fourier transform infrared spectroscopy (FTIR), UV -Vis and Raman spectroscopy. The structural changes occurring as a consequence of CdS formation have been characterized using X-ray reflection and grazing incidence X-ray diffraction (GIXD) techniques. As-deposited POT-CdA multilayers exhibit good vertical as well as in-plane structure similar to that of CdA. In contrast, PANI-CdA multilayers have poor structural order. The in-plane molecular packing in CdA and PANI-CdA multilayers after H 2 S exposure has mixed domains of rectangular (herringbone) and hexagonal arrangements. In the case of POT-CdA multilayers, however, the original rectangular packing is retained.
Introduction
Semiconducting nanocluster -polymer composites are currently of interest as prospective materials for a new class of hybrid organic/inorganic nanoclustered devices. The potential of combining the advantages of organic polymers with inorganic clusters has been demonstrated in applications as light emitting diodes [1] [2] [3] [4] [5] , photovoltaics [6] and non-linear optics [7, 8] . For most of the above applications, nanoclusters or quantum dots of II-VI semiconductors like CdSe, CdS and ZnS have been embedded in a polymer matrix. Although a variety of routes are presently being used to develop these nanocomposites, Langmuir-Blodgett (LB) and self assembly (SA) processes are important owing essentially to their versatility to produce organized layered structures of a large variety of molecule/supermolecules with suitably designed architecture and functionality [9] . In particular, LB multilayers have been used to grow chalcogenide semiconducting nanoclusters in organic fatty acid matrix through post deposition treatment [10] [11] [12] [13] . The interest in this approach is primarily because of the high degree of molecular order present in LB multilayers, which is expected to assist in achieving better control over the geometry, size and distribution of the nanoclusters. This approach has recently been extended to develop CdS nanocluster containing polyaniline LB films using precursor polyanilinecadmium arachidate (PANI-CdA) composite LB multilayer [14] . The composite monolayer methodology in which a non-amphiphilic polymer is mixed with suitable metal ion containing amphiphilic molecule provides a simple approach to develop these polymer based precursors [15] . The composite precursors can subsequently be subjected to post deposition treatments to generate semiconducting nanoclusters within the layered polymer matrix. There are, however, issues related to the growth and organization of the nanoclusters, the overall structure of the composite multilayer as well as their dependence on the molecular organization in precursor multilayer which need to be understood for the practical use of these nanocomposite systems in novel nanostructured devices.
In the present work, we have used the LB technique to deposit multilayers of poly (3-octylthiophene)-cadmium arachidate (POT-CdA) and PANI-CdA polymer based composite LB multilayers. These multilayers were then used as precursors for the growth of CdS nanoclusters within the polymer -arachidic acid (AA) composite. The compositional and structural changes that accompany the formation of CdS nanoclusters in both POT-CdA and PANI-CdA multilayers were studied by UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and grazing incidence X-ray (GIXD) scattering techniques. The molecular packing in the multilayers was found to depend on the type of polymer molecules present and also on the CdA-CdS conversion process.
Experimental details
The polymer composite LB films were deposited using a KSV 3000 LB instrument. Deionised and Millipore ultrafiltered water (resistivity 18.2 MV, pH 5.7) was used as the subphase. Spreading solution for CdA and PANI-CdA films were prepared using a procedure described earlier [13, 16] . Solution for POT-CdA films was prepared by mixing POT -AA (1:1 by weight) in chloroform. In all the three cases, the solution was spread on the subphase containing cadmium ions (4× 10 − 4 M CdCl 2 ) at a subphase pH of 6.4 adjusted by adding NaHCO 3 . Subsequently, the compressed monolayers were transferred onto quartz and ZnSe substrates at optimized conditions of transfer-subphase temperature of 10°C and dipping speed of 3 mm min − 1 for all three multilayer systems and at constant surface pressure of 30, 18 and 25 mN m − 1 for CdA, POTCdA and PANI-CdA, respectively. Prior to the transfer process the substrates were cleaned using standard procedure. Typically the multilayer consisted of 25 monolayers. Hydrogen sulfide exposure of the multilayers was carried out in a closed glass chamber at room temperature and atmospheric pressure. The UV-Vis spectra were obtained using a Shimadzu 160A spectrophotometer. The FTIR spectra of the multilayers were recorded using Nicolet (Impact-400) instrument. The reflectivity of the multilayers was measured using a Philips PW-1710 diffractometer in the 2q range 4-20°. Raman spectra were obtained using 457.9 nm excitation line of argon ion laser with a power of 5 50 mW. GIXD measurements were performed using 8 keV synchrotron radiation (Sincrotrone Trieste). The scattered intensity was detected using a 1-D position sensitive detector in the 2h range 10 -50°. The angle of incidence was kept close to the angle for total reflection to maximize scattered intensity and limit the depth of penetration.
Results and discussions
The pressure -area (y-A) isotherms for the composite monolayers of PANI-AA and POT-AA spread on subphase containing CdCl 2 at a subphase temperature of 10°C and compressed at 3 mm min − 1 are shown in Fig. 1 . The PANI-CdA isotherm (curve a) was found to be independent of the compression speed and stable if held at a constant surface pressure of 30 mN m − 1 . This is in contrast to the unstable behavior of composite PANI-CdA isotherms at higher temperatures and compression speeds reported earlier [16] . The limiting mean molecular area (mmA) of the composite, 0.3 nm 2 is close to the sum of the mmA of pure CdA ( 0.2 nm 2 ) and the value for pure PANI ( 0.08 nm 2 ) [17] . This result shows that PANI is well anchored within the composite monolayer and not squeezed out from the CdA matrix. The monolayers were transferred under the subphase conditions mentioned above with near unity transfer ratio. The y -A isotherm of a composite POT-AA monolayer (curve b) spread under the same conditions as above, however, shows a significantly different behavior. The isotherm exhibited distinct phase transitions around 0.2 and 0.3 nm 2 before collapsing at around 0.1 nm 2 . It may be mentioned here that the nature of the isotherm was found to be independent of subphase conditions like temperature and compression speed except for small changes in the position of the kinks. The isotherms also exhibit a decrease in the mmA when held at different surface pressures and hence was relatively unstable. The limiting mmA corresponding to the linear region before collapse corresponds to 0.22 nm 2 , which is close to the value of 0.2 nm 2 for pure CdA. The transitions or kinks in the y-A isotherm are attributed to partial and progressive squeezing out of POT and its reorganization in independent domains within the composite monolayer. Transfer of monolayer at a surface pressure less than 12 mN m − 1 and greater than 25 mN m − 1 resulted in poor transfer behavior and multilayer structure as shown by X-ray reflectivity. Hence the monolayer was transferred at an optimized surface pressure of 18 mN m − 1 . The effect of H 2 S gas exposure on CdA, POTCdA and PANI-CdA multilayers was studied by FTIR spectroscopy. The FTIR spectra (not shown here) from the as-deposited multilayers in all the three cases has a strong absorption peak around 1545 cm − 1 corresponding to asymmetric carbonyl stretching vibration of the carboxylate group, indicating the presence of pure arachidate salt. On exposure to H 2 S (typically 2 h), the 1545 cm − 1 peak in all three cases disappears and a strong absorption peak at 1700 cm − 1 due to carbonyl stretching vibration of the carboxylic acid group appears, indicating complete conversion of arachidate salt to arachidic acid. The chemical conversion of the salt to acid is indicative of the formation of CdS in the multilayers. The FTIR spectra show no changes on longer exposures (\2 h) indicating a saturation behavior of the chemical reaction.
The UV -Vis absorption spectra from CdA, POT-CdA and PANI-CdA multilayers both in the as deposited and 3-h H 2 S exposed states are shown in Fig. 2 . The spectrum of the as-deposited CdA multilayer shown in Fig. 2(a) is typical of metal arachidates. The H 2 S exposed multilayer exhibits an enhanced absorbance below 460 nm as compared with the as-deposited case. The enhanced absorbance observed below 460 nm is attributed to the formation of CdS in the LB matrix. The spectrum also exhibits a small broad peak at 400 nm, which is attributed to the excitonic band of CdS [18, 19] . The absorption onset at 460 nm is clearly blue shifted since the band gap of bulk CdS is 2.4 eV (515 nm). The 300 and 600 nm characteristic of emeraldine base PANI. On exposure to H 2 S, the peak at 600 nm disappears and enhanced absorption is seen clearly below 460 nm. The enhanced absorption below 460 nm is attributed to the formation of CdS nanoclusters as described above. The disappearance of 600 nm peak is due to the conversion of emeraldine base PANI to leucoemeraldine base PANI [20] . Fig. 3 shows the Raman spectra of POT-CdA and PANI-CdA multilayers exposed to H 2 S. In both cases a band at 300 cm − 1 is seen, which is attributed to the LO phonon mode of CdS with a marginal shift from the bulk value (305 cm − 1 ). These results also clearly confirm the presence of CdS in the H 2 S exposed composite polymer multilayers.
The structure of the as-deposited and H 2 S exposed multilayers has been investigated by X-ray reflectivity and GIXD. The X-ray reflectivity scans from CdA, POT-CdA and PANI-CdA composite multilayers are shown in Fig. 4(a-f) , respectively. The scans from CdA and POT-CdA multilayers, show well defined (00l) Bragg peaks upto nine orders indicating the presence of a well formed layer structure. In comparison to CdA and POT-CdA multilayers the reflectivity scan from PANI-CdA multilayers just exhibits five orders of Bragg reflections with an increased peak blue shift of the absorption onset and the presence of excitonic band are indicative of size quantization effects associated with the formation of CdS nanoclusters. In the case of POT-CdA multilayers the absorption spectra in the as-deposited condition ( Fig. 2(b) ) shows characteristic POT peak at 500 nm confirming the presence of the polymer in the composite multilayer. After exposing the POT-CdA multilayer to H 2 S gas, an enhanced absorbance below 500 nm is observed, which is similar to the behavior observed in CdA. The increase in absorbance is attributed to the formation of CdS nanoclusters within the composite polymer multilayer. Though the exact absorption onset of CdS is overshadowed by the presence of strong POT peak, it is clearly blue shifted compared with the absorption edge of bulk CdS. Fig.  2(c) shows the UV -Vis spectra for PANI-CdA. The as-deposited PANI-CdA shows peaks at width indicating poor layering in these multilayers. The intensity of peaks is also considerably reduced. The bilayer period in the multilayers determined from the position of the Bragg peaks is found to be 5.5 nm in all the three cases. The intralayer molecular packing in the plane of the multilayers was studied by GIXD using synchrotron radiation and the results are shown in Fig. 5(a-f) . The GIXD pattern of the as-deposited CdA multilayer exhibits two clear peaks in the range 20 -25°indicating the presence of a highly ordered molecular arrangement in the plane of the multilayers. These peaks could be indexed based on a rectangular (herringbone) 2-D lattice and the lattice parameters were found to be a= 0.47 and b= 0.72 nm, respectively. These values are in close agreement with the layer cell dimensions of the ideal close packed structure R [0,0] with alkyl chains perpendicular to the layer cell [21] . A bilayer period of 5.5 nm obtained from X-ray reflectivity corresponds to untilted molecules, and is in agreement with the R [0,0] structure. The diffraction pattern from the POTCdA composite multilayer (Fig. 5(b) ) is identical to that obtained from pure CdA with two clear peaks indicating a similar in-plane molecular arrangement. The lattice parameters were found to be a= 0.47 and b= 0.72 nm, matching with the values obtained for pure CdA. The PANI-CdA multilayers on the other hand show broad weak peaks. The diffraction pattern, however, still has two peaks, similar to that of pure CdA, clearly indicating that the molecules have a rectangular in-plane arrangement with a 0.45 and b 0.72 nm. The weak broad peaks in this case indicate poorly ordered intralayer molecular packing. It is clear from the above results that the POT-CdA composite multilayers exhibit significantly im-proved ordered structure as well as intralayer molecular packing as compared with PANI-CdA composite multilayers.
The difference in the extent of layering and intralayer molecular packing between POT-CdA and PANI-CdA multilayers can be understood from y-A isotherms of the two monolayers. The monolayer behavior under compression suggests that PANI does not get phase separated from CdA molecules. Hence the corresponding multilayers have a significant intermixing of polymer and arachidate molecules. This results in a poorly ordered layered as well as intralayer structure, which is essentially due to the organization of CdA molecules. In contrast, the monolayer behavior of POT-CdA system clearly shows that POT has a tendency to phase separate leading to the formation of separate CdA and POT domains within the composite multilayer. The highly ordered layered and intralayer structure thus reflects the high degree of structural order in CdA domains within the POT-CdA composite multilayer.
The layered structure in all the three cases is found to change as a result of conversion of CdA to CdS in the multilayers on H 2 S exposure. In the case of CdS-AA composite multilayers, as shown in Fig. 4(d) , the intensity of the original Bragg peaks decreases and the even order peaks disappear. The AA molecules, however, retain the original layered structure with a bilayer period of 5.5 nm. The layering in POT-CdA and PANICdA multilayers after 3 h of H 2 S exposure, however, becomes very weak and could only be detected using intense synchrotron radiation. The detector scans Fig. 4 (e) and (f) from these multilayers after exposure show very weak peaks indicating a nearly complete disruption of the layered structure. Thus the structural reorganization of the polymer molecules as a result of exposure to H 2 S gas leads to a drastic reduction in the layered structural order of the polymer composite multilayers.
The GIXD pattern of a 3-h H 2 S exposed CdA multilayer is shown in Fig. 5(d) . The deconvoluted pattern reveals that while the peaks corresponding to the herringbone structure are still present, a new strong peak appears corresponding to a 'd' value of 0.42 nm. This peak can be attributed to (10) (Fig. 4(d) ) clearly shows the retention of original untilted configuration supporting the presence of both H [0,0] and R [0,0] domains in the exposed multilayer. The weak broad peak around 28°can be attributed to the (101) plane reflection from nanoparticulate CdS. In the case of POT-CdA multilayers exposed for 3h, the deconvoluted in- plane diffraction pattern (Fig. 5(e) ) shows two strong peaks corresponding to d spacings of 0.40 and 0.36 nm, respectively. This diffraction pattern is similar to that obtained before the composite multilayers were exposed to H 2 S (Fig. 5(b) ), clearly showing that the centered rectangular arrangement of the molecules is not altered. The (101) peak of the nanoparticulate CdS can be seen at 28°. The deconvoluted GIXD pattern of 3 h H 2 S exposed PANI-CdA multilayers are shown in Fig. 5(f) . The diffraction pattern has three clear peaks indicating the presence of mixed crystallographic domains. The peaks can be indexed to (10) h , (11) r and (02) r reflections, respectively, corresponding to hexagonal and centered rectangular domains. In contrast to POT-CdS -AA composite multilayer, which has only centered rectangular domains, the PANI-CdS -AA composite multilayer has mixed domain structure. It is interesting to note that though the as-deposited PANI-CdA composite film has poor in-plane order corresponding to rectangular (herringbone) packing, after H 2 S exposure the in-plane order is still retained, however, with a mix of hexagonal and centered rectangular domains. The differences in the molecular packing behavior of POT-CdA and PANI-CdA composites after CdS formation may arise due to differences in the molecular structure of the two polymers and their composite packing with CdS and AA.
Conclusions
Using a composite monolayer methodology, conducting polymer (POT and PANI)-CdA composite multilayers were transferred. POT-CdA multilayers were found to exhibit a good interlayer and intralayer structural order similar to that of pure CdA multilayers in contrast to PANI-CdA multilayers where both interlayer and intralayer structural order is weak. This difference in the structural behavior of the two polymers is due to the nature of interaction between CdA and the polymers. PANI has a tendency to firmly anchor itself to the CdA matrix, affecting the CdA packing behavior. On the other hand, POT molecules have a tendency to phase separate and form clusters thereby leaving the CdA molecular packing intact. The conversion of CdA to CdS and AA results in the incorporation of semiconducting nanoclusters in the polymer/AA matrix. The conversion process, however, considerably reduces the structural order in all the three cases. The intralayer molecular packing in CdS-AA and PANI-CdS -AA changes significantly with the molecules showing hexagonal layer plane packing along with the original rectangular (herringbone) packing. However, POT-CdA retains its original rectangular (herringbone) arrangement in the layer plane even after exposure to H 2 S.
